Background Zolpidem is a nonbenzodiazepine sedative/ hypnotic that acts at GABA A receptors to influence inhibitory neurotransmission throughout the central nervous system. A great deal is known about the behavioral effects of this drug in humans and laboratory animals, but little is known about zolpidem's specific effects on neurochemistry in vivo. Objectives We evaluated how acute administration of zolpidem affected levels of GABA, glutamate, glutamine, and other brain metabolites. Materials and methods Proton magnetic resonance spectroscopy ( 1 H MRS) at 4 T was employed to measure the effects of zolpidem on brain chemistry in 19 healthy volunteers. Participants underwent scanning following acute oral administration of a therapeutic dose of zolpidem (10 mg) in a within-subject, single-blind, placebo-controlled, single-visit study. In addition to neurochemical measurements from single voxels within the anterior cingulate (ACC) and thalamus, a series of questionnaires were administered periodically throughout the experimental session to assess subjective mood states.
Introduction
Zolpidem (Ambien®) is one of the most frequently prescribed sleep aids in the United States (Morlock et al. 2006) . Although it is structurally distinct from the benzodiazepines, this short-acting hypnotic acts at the benzodiazepine recognition site on the GABA A receptor to enhance inhibition throughout the central nervous system. However, zolpidem interacts preferentially with GABA A receptors containing an α1 subunit (i.e., α1GABA A receptors; Benavides et al. 1988; Hadingham et al. 1993; Sanna et al. 2002) , whereas classical benzodiazepines interact indiscriminately with GABA A receptors containing α1, α2, α3, or α5 subunits (they are inactive at α4 and α6 subunitcontaining GABA A receptors; Pritchett and Seeburg 1990) . This receptor subtype selectivity is believed to underlie zolpidem's superior hypnotic ability (McKernan et al. 2000; Rudolph et al. 1999) .
The myriad behavioral effects of zolpidem are welldocumented in both laboratory animals (e.g., Sanger et al. 1987) and humans (see review by Rush 1998) . In addition to its clinical usefulness for the treatment of insomnia, zolpidem's use also has been associated with a host of untoward effects such as abuse and dependence liability (Evans et al. 1990; Liappas et al. 2003; Rush et al. 1999; Victorri-Vigneau et al. 2007) , somnambulism (Harazin and Berigan 1999; Sharma and Dewan 2005; Yang et al. 2005) , nightmares (Ganzoni et al. 1995; Hajak and Bandelow 1998; Roger et al. 1993; Toner et al. 1999) , hallucinations, delirium, and/or psychosis (Brodeur and Stirling 2001; Huang et al. 2003; Markowitz and Brewerton 1996; Toner et al. 1999; Tsai et al. 2003) , and even compulsive behaviors such as sleep-eating (Morgenthaler and Silber 2002; Najjar 2007; Tsai et al. 2007 ). Effects such as these suggest that it is important to understand the basis of zolpidem's effects beyond its purported GABA A receptor pharmacology.
Despite its popularity, the specific effects of zolpidem on neurochemistry in vivo are unknown. Previous proton magnetic resonance spectroscopy ( 1 H MRS) studies have provided conflicting reports regarding the effects of clinically relevant doses of benzodiazepines. Brambilla et al. (2002) demonstrated no effects of lorazepam on metabolites such as N-acetylaspartate (NAA), phosphocreatine+creatine (PCr+Cr), trimethylamines (TMA), myoinositol (mI), glutamate (Glu), or glutamine (Gln) in the dorsolateral prefrontal cortex, while Goddard et al. (2004) observed a clonazepam-induced increase in Glu concomitant with a reduction in GABA levels in the occipital cortex. Preliminary reports from conference proceedings indicated that lorazepam increased choline (Cho), Cr, and mI in the parietal white matter (Davanzo et al. 1997) , and intravenous midazolam transiently increased mI and lactate levels in the striatum (Burau et al. 1997) . Although similar to the benzodiazepines, zolpidem's effect on neuronal metabolites has not been addressed empirically using MRS. The present study employed 1 H MRS at 4 T in healthy volunteers to assess the effects of acute oral administration of a therapeutic dose of zolpidem (10 mg) in a single-blind, placebo-controlled study. The scanning procedure utilized standard protocols for measuring GABA (Mescher et al. 1998) , as well as protocols developed recently that permitted the simultaneous and reliable measurement of Glu and Gln (Öngür et al. 2008) in two separate voxels of interest within the anterior cingulate (ACC) and thalamus. A series of questionnaires also were administered periodically throughout the experimental session in order to assess subjective mood states associated with drug exposure. Together, these measures were aimed at beginning to understand the neurobiological mechanisms that mediate the effects of this popular sedative/hypnotic.
Materials and methods
Prior to beginning the study protocol, we undertook a separate test/retest study to determine the reliability of our metabolite measurements. Six healthy male (four) and female (two) volunteers (aged 25-36 years) were scanned twice within 1 week of another at the same time of day. All scan parameters and data analyses were identical on both days and are described as follows.
Participants
Nineteen healthy male (seven) and female (12) volunteers between the ages of 21-35 years (average age 25± 0.88 years) and with an average body mass index of 24.26 ± 0.83 kg/m 2 completed this study. Participants reported ≤10 lifetime recreational experiences with drugs or abuse other than alcohol (average 4.26±0.90 drinks per week), and they were nonsmokers. They had not been diagnosed with a DSM-IV axis I disorder, they had no history of neurological disorders, they had normal structural magnetic resonance imaging scans during the screening visit, and they were not taking psychotropic medications. On the day of the study, participants were screened for drug use using QuickTox® urine screen kits (Branan Medical Corporation, Irvine, CA, USA) and breath alcohol level (AlcoSensor, Intoximeter, Saint Louis, MO, USA). Female participants were administered a QuPID® urine pregnancy test (Stanbio Laboratory, Boerne, TX, USA); pregnancy was a contraindication in this study. Any participant who would have been positive on any screen would have been rescheduled and sent home. All participants were transported to and from the laboratory via taxicab. This study was reviewed and approved by the McLean Hospital Institutional Review Board and, therefore, was in accord with the Declaration of Helsinki. All volunteers (those enrolled in both the test/retest prestudy and the zolpidem protocol) provided informed consent and were compensated for their participation.
Procedure and drug treatment
Participants visited the laboratory once for this single-blind, placebo-controlled, double-scan study (for a detailed outline of the study visit procedure, see Fig. 1 ). Participants received a capsule containing placebo 30 min prior to their first 1 H MRS scanning session and an identical capsule containing a therapeutic dose of zolpidem (10 mg; Troy et al. 2000) 30 min prior to the second scanning session. Oral administration of zolpidem has been estimated to result in 70% bioavailability (Hoehns and Perry 1993) , and maximum plasma concentrations should be reached within an average of 1.7 h following ingestion (Langtry and Benfield 1990; Salva and Costa 1995) . Throughout the 7.5-h session, participants provided subjective ratings at regular intervals using computerized questionnaires.
Equipment
The computerized questionnaires were administered on Macintosh computers running in-house software (Study Log Master v.79). All magnetic resonance data were collected on a Varian Unity INOVA 4 T whole-body MR system running VNMRj 1.1b (Varian, Palo Alto, CA, USA) and using a 16-rung, volumetric birdcage design RF head coil (Robarts Research Institute, London, Canada) operating at 170.3 MHz for proton imaging and spectroscopy.
Subjective assessments
Participants answered a series of computerized questionnaires in order to provide information about the druginduced subjective effects they were experiencing. The Addiction Research Center Inventory (ARCI) is a standardized set of scales intended to evaluate the subjective effects of drugs (Haertzen 1966) . A shortened version was used that consists of 49 true/false items that have been derived in order to measure stimulant-like (benzedrine group, BG), amphetamine-like (AMPH), euphoric (morphinebenzedrine group, MBG), sedative-or intoxicating-like (pentobarbital-chlorpromazine-alcohol group, PCAG), and psychotomimetic or dysphoric (lysergic acid diethylamide, LSD) drug effects (Jasinski 1977) . A visual analog scale (VAS) required participants to respond to a list of 15 items by placing a mark on a 100-mm continuum that used "not at all" or "extremely" as anchors (Table 1) .
Proton imaging
Once participants were positioned inside the bore of the magnet, scout images confirmed optimal positioning at the magnet's isocenter. The unsuppressed water signal was used to shim the global water signal manually. The transmitter was set back onto the water resonance, and a series of high-contrast T 1 -weighted anatomical images were taken in the sagittal and axial planes. The parameters for these images were as follows: TE/TR=6.2 s/11.4 ms, fieldof-view=22×22×8 cm (sagittal) and 22×22×16 cm (axial), readout duration=4 ms, receive bandwidth=±32 kHz, in-plane matrix size=128×256×16 (sagittal) and 256× 256×64 (axial), in-plane resolution=0.94×1.9 mm (sagittal) and 0.94×0.94 mm (axial), readout points=512, slice thickness=2.5 mm, flip angle=11°.
Proton MRS
The high-resolution anatomical images were used as a guide to place single voxels in the ACC (3×2×2 cm), and subsequently, the thalamic region (2×2×3 cm), as shown in Fig. 2 . Proton spectroscopy implemented a 2D-JPRESS approach (Öngür et al. 2008) followed by a MEGAPRESS sequence (Mescher et al. 1998) . Manual shimming of the magnetic field within the prescribed voxel was done with global water line widths ranging from 9 to 12 Hz. Following the automated optimization of water suppression power and tip angles, the 2D-JPRESS sequence collected 24 TE-stepped spectra (echo time ranging from 30 to 490 ms in 20-ms increments), which provided enough Jresolved bandwidth (50 Hz) to resolve Glu from Gln, as well as a range of other metabolites. Additional acquisition parameters were: TR=2 s, f1 acquisition bandwidth= 50 Hz, spectral bandwidth=2 kHz, readout duration= 512 ms, NEX=16, total scan duration=13 min. Once the first dataset was collected, a second set was collected from the same voxel using a MEGAPRESS sequence to obtain difference-edited GABA spectra. MEGAPRESS acquisition parameters were identical to those for the 2D-JPRESS, except that each individual transient was collected separately for frequency/phase-corrective summation and difference editing offline. Total scan duration was 13 min. Once these two procedures (2D-JPRESS followed by MEGAPRESS) were completed for the ACC, they were repeated on a second voxel in the left thalamus. Therefore, two voxels of interest were assessed in each 90-min scanning session.
Proton MRS processing
All spectroscopic data processing and analyses were undertaken on a LINUX workstation using reconstrucn n n n Fig. 1 Procedure for MRS study visit. After a baseline period during which the questionnaires were administered, participants received placebo. The first 90-min scanning session took place 30 min later. At the beginning of the third hour, participants received an acute oral dose of zolpidem (10 mg). The second 90-min scanning session took place 30 min later. Throughout the session, participants answered questionnaire sets assessing drug-induced subjective effects: ARCI and an investigator-constructed VAS tion code written on-site and commercial fitting software (LCModel; Provencher 1993). In order to quantify Glu, Gln, and the other metabolites with the JPRESS data (e.g., NAA, Cr, mI, and Cho), the 24 TE-stepped freeinduction decay series were zero-filled out to 64 points, Gaussian-filtered to minimize residual ringing from NAA and Cr signals, and Fourier-transformed in the TE dimension. This resulted in a set of 64 J-resolved spectra over 50 Hz. Using GAMMA-simulated J-resolved basis sets, every J-resolved spectral extraction throughout a bandwidth of 50 Hz was fit with its theoretically correct LCModel template (Smith et al. 1994) . The integrated area under the entire 2D surface for each metabolite then was calculated by summing the raw peak areas across all 64 Jresolved extractions for each metabolite. Metabolites with zero amplitude did not contribute to the final integral. The Cr denominator was the sum of the Cr and phosphocreatine integrals. Two spectra from the JPRESS acquisition in the thalamus were excluded from analysis due to low signal-to-noise and/or spectral resolution. In order to quantify GABA with the MEGAPRESS data, the difference-edited spectra were fitted with LCModel using basis sets acquired at 4 T. The individual "ON" and "OFF" averages were frequencyand phase-corrected by using the NAA resonance of the interleaved "OFF" spectra as a navigator. Individual spectra within the time series first were averaged in groups of 16 to increase signal-to-noise for this purpose. The phase and frequency correction factors from the "OFF" NAA resonance for each averaged group were used for both the "ON" and "OFF" datasets. This was necessary since the NAA resonance was saturated in the "ON" spectra due to the frequency-selective Gaussian editing pulse applied at 1.89 ppm. This strategy has proven effective in tracking and correcting for motion artifacts throughout the 13-min acquisition which otherwise would result in imperfect subtraction and contamination of the difference-edited GABA signal with Cr at 3.00 ppm. All corrected "ON" and "OFF" spectra then were averaged separately to produce a single 68-ms "ON" and "OFF" spectrum, which subsequently was subtracted to produce the final, optimized, differenceedited GABA spectrum. The appropriate LCModel templates were used to fit the 68-ms "OFF" spectrum and the difference-edited GABA spectrum. The GABA resonance at 3.00 ppm (as well as the co-edited Glu and Gln peaks at 3.75 and ∼2.3 ppm, respectively) were normalized to the fitted Cr resonance from the 68-ms subspectrum. One spectrum from the MEGAPRESS acquisition in both the ACC and thalamus were excluded from analysis due to low signal-to-noise and/ or spectral resolution.
Image segmentation
The high-resolution T 1 -weighted images were segmented into gray matter (GM), white matter (WM), and cerebral spinal fluid (CSF) compartments using the segmentation tool in the commercial software package FSL 4.1 (FMRIB Software Library, Analysis Group, FMRIB, Oxford, UK). Subsequently, the volumetric tissue contribution for each oblique voxel was determined and the relative contributions of GM and WM were calculated using in-house software. 
Data analysis
Our primary metabolites of interest were GABA, Gln, and Glu, while NAA, Cr, Cho, and mI were of secondary interest. Measurements were made two times during one study visit in order to assess the effect of zolpidem on metabolites under each condition (placebo vs. zolpidem). Subjective data were collected repeatedly over the course of the experimental session. Questionnaires were administered at −30 min, +15 min, +2 h, +3 h 15 min, +5 h, +6 h, and +7 h for a total of seven time points (for clarification of study time line, see Fig. 1 ). Data were collapsed such that the two time points before drug administration (+15 min and +2 h) were considered "placebo," while the two time points after drug (+3 h 15 min and +5 h) were considered "zolpidem."
Metabolite and subjective data were analyzed initially by two-way analysis of variance (ANOVA) examining the effects of sex and drug treatment. Since no data were affected by sex, they were analyzed subsequently by oneway ANOVA examining the effect of drug treatment (or brain region as appropriate).
Pearson product moment correlations were used to quantify relationships between zolpidem-induced changes in neurochemistry (metabolite level following placebo administration-metabolite level following zolpidem administration) and changes in subjective effects (subjective rating following placebo-subjective rating following zolpidem).
All data were analyzed using standard statistical software (SigmaStat 3.1, Systat Software, San Jose, CA, USA and SPSS 13, SPSS, Chicago, IL, USA). ANOVA treatment effects were assessed further post hoc using Bonferroni. Alpha was set at 0.05.
Results

Test/retest reliability
The within-subject coefficients of variation (CV=standard deviation/mean of both scans) for GABA using MEGA-PRESS were 14.7% and 9.5% in the ACC and thalamus, respectively. Using 2D-JPRESS, the CV in the ACC and thalamus were 5.3% and 8.0% for Glu, 14.0% and 17.8% for Gln, 4.4% and 6.4% for NAA, 3.3% and 1.9% for Cho, and 8.4% and 9.6% for mI, respectively. Of all metabolites, Gln appears to have the poorest CV. However, reliability of Gln detection is at the low end of the published range of 16% to 50% (Kassem and Bartha 2003; Schulte and Boesiger 2006; Théberge et al. 2005 ) and in line with the 19% reported when the entire 2D area was fitted (Schulte and Boesiger 2006) .
Tissue segmentation
The relative percentages of GM and WM in the ACC and thalamus were unchanged by treatment with zolpidem. In the ACC, there was an average of 63±1% GM and 37±1% WM under baseline (placebo) conditions, while there was 62 ± 1% GM and 38 ± 1% WM under the treatment (zolpidem) conditions. In the thalamus, there was an average of 28 ± 1% GM and 72 ± 1% WM following placebo, while there was 29±1% GM and 71±1% WM following zolpidem.
Brain metabolites
Treatment with zolpidem had no effect on Cr in either the ACC [F(1,36)=0.18, p=0.67] or the thalamus [F(1,30)= 0.07, p=0.80]. Since there were no drug-induced changes in Cr, all reported metabolite levels are expressed as arbitrary units relative to Cr. Figure 3 illustrates the main finding that zolpidem decreased GABA by 25% in the thalamus [F(1,34)=5.82, p=0.02]. In contrast, zolpidem had no effect on GABA in the ACC [F(1,34)=0.26, p=0.62]. Importantly, baseline (placebo) levels of GABA within the ACC (0.000350± 0.000023) were significantly lower than those within the thalamus (0.000665±0.000063; F(1,34)=22.00, p<0.001).
Unlike the results obtained for GABA, zolpidem had no effect on Glu [F(1,30) Subjective effects Table 1 shows the zolpidem-induced increases in ratings of "dizzy," "nauseous," "confused," and "bad effects." Ratings of "anxious," "high," "sleepy," "good effects," "loose," "carefree," "restless," "like," "willing to take again," "willing to pay for," and "mentally slow" were not affected Correlation analyses between zolpidem-induced differences in thalamic GABA levels and changes in subjective effects revealed a significant relationship for "dizzy" (r= −0.68, p=0.002; Fig. 4) . The reduction in GABA was not correlated significantly with any other subjective effects.
Discussion
In healthy volunteers with no history of drug abuse, acute oral administration of a therapeutic dose of zolpidem (10 mg) reduced thalamic GABA levels. Self-reported ratings of "dizzy," "nauseous," "confused," and "bad effects" were increased, as were sedation/intoxication and psychotomimetic/dysphoric effects. Moreover, there was a negative correlation between the change in GABA and the ratings of "dizzy."
Benzodiazepine-type drug effects within the thalamus and ACC The 25% reduction in thalamic GABA observed in this study following acute administration of zolpidem is in agreement with the 24% reduction in GABA observed in the occipital cortex following acute administration of the benzodiazepine clonazepam (Goddard et al. 2004 ). The present result also is consistent with previous studies demonstrating a decrease in cerebral metabolic activity within the thalamus following administration of benzodiazepine-type drugs. For example, studies employing positron emission tomography imaging in healthy volunteers have reported a reduction in regional cerebral blood flow of approximately 20% (Matthew et al. 1995; Veselis et al. 1997 ) and a 23% reduction in glucose metabolism (Volkow et al. 1995; Wang et al. 1996) upon administration of benzodiazepines. Similarly, local cerebral glucose metabolism was decreased in subcortical areas when participants were administered zolpidem (Gillin et al. 1996) . Together, these results suggest that the thalamus is a prominent effector site for the action of benzodiazepines and the newer nonbenzodiazepine hypnotics.
In the present study, zolpidem had no effect on GABA in the ACC. Previously, zolpidem caused a decrease in regional cerebral blood flow in the ACC of healthy volunteers following zolpidem administration (Finelli et al. 2000) , while in a patient with akinetic mutism, a paradoxical increase in cerebral metabolism was observed that was accompanied by an improvement in motor and cognitive functioning (Brefel-Courbon et al. 2007 ). The temporal resolution of this particular experiment may have obscured the effects of zolpidem in the ACC; the scanning protocol began 30 min following drug administration, but data acquisition in the ACC began approximately 15 min after that, and the two separate sequences together (2D-JPRESS and MEGAPRESS) lasted approximately 26 min before a voxel was placed in the thalamus. Therefore, metabolite measurement in the ACC occurred approximately 45-70 min following drug administration, while the thalamus was measured approximately 80-105 min after zolpidem. Alternatively, it is possible that the low baseline levels of GABA within the ACC prevented further reductions. In other words, there may have been a floor effect in this brain region relative to the thalamus.
Functional output of GABAergic modulation by zolpidem
In the present study, a therapeutic dose of zolpidem increased ratings of feelings that may be considered unpleasant such as "dizzy," "nauseous," "confused," and "bad effects" in healthy drug-naïve participants. These results agree with previous studies in which similar effects were reported under comparable conditions (Licata et al. 2008a; Mintzer et al. 1998; Rush et al. 1997 ). Other consistent changes in self-reported subjective effects of zolpidem in healthy volunteers included higher scores on the PCAG (sedation/intoxication) and LSD (psychotomimetic/dysphoric) scales of the ARCI (Licata et al. 2008a; Rush and Griffiths 1996; Rush et al. 1997; Rush et al. 1998; Stoops and Rush 2003) .
Despite the persistence of these zolpidem-induced dysphoric and sedative effects across studies, only the effect of "dizzy" was correlated significantly with the Change in self-reported ratings of "dizzy"
Change in GABA /Cr levels 1 = 8 p= Fig. 4 Negative correlation between zolpidem-induced feelings of "dizzy" and zolpidem-induced changes in thalamic GABA/Cr levels decrease in GABA observed in the thalamus. This finding was evident by many participants' inability to balance without difficulty when walking from the scanning suite to the behavioral research laboratory and is consistent with previous empirical studies demonstrating zolpidem's impairment of balance independent of muscle relaxation (Licata et al. 2008b; Nakamura et al. 2005) . Importantly, it is in agreement with a body of literature indicating not only that GABA is a primary neurotransmitter of the vestibular nuclei in many different species (Tighilet and Lacour 2001) , but that the thalamus is an important relay structure in the pathway between the brainstem and the vestibular cortex (e.g., Karnath et al. 2000) . Interestingly, zolpidem had no effect on "sleepy." While this dose of zolpidem is the recommended dose prescribed to treat insomnia, participants often needed to be awoken after their scanning sessions and scores on the sedation (PCAG) scale of the ARCI were elevated relative to placebo, this finding is in agreement with other reports demonstrating that, when compared, benzodiazepines engendered increases in ratings of "sleepy" but zolpidem did not (Evans et al. 1990; Mintzer et al. 1998) . Moreover, given that zolpidem modulated GABAergic tone in the thalamus and that the thalamus is an integral component of the complex circuitry regulating sleep/wakefulness (e.g., see review by Merica and Fortune 2004) , it is surprising that participants have failed consistently to report feelings of sleepiness. This is in contrast to the benzodiazepine lorazepam, which induced an increase in ratings of sleepiness and tiredness that correlated with a decrease in thalamic glucose metabolism (Volkow et al. 1995) . Although the results obtained with lorazepam were not compared to zolpidem directly, these seemingly discordant findings suggest that either there is some subtle divergence in zolpidem's underlying mechanism of action relative to that of classical benzodiazepines or the sensitivity of the VAS is insufficient to access this subjective state.
Circuitry mediating observed effects of zolpidem in the thalamus
The thalamus is an integral component within the brain that receives sensory input, sends appropriate motor output, and also regulates sleep states. The circuitry mediating thalamic function is extensive, and the profound effects of zolpidem in this region may arise not only as a result of several systems projecting to and converging upon the thalamus, but also as a function of zolpidem's interactions with specific GABA A receptors therein. Unlike classical benzodiazepines, zolpidem binds selectively to α1GABA A receptors, moderately at α2GABA A and α3GABA A receptors, and inappreciably at α5GABA A receptors (Hadingham et al. 1993; Sanna et al. 2002) .
For instance, one main GABAergic projection into the thalamus originates from the cerebellum, which receives afferents from the pontine nuclei (Brodal and Bjaalie 1992) . This connection is particularly relevant with respect to the putative involvement of vestibular pathways in mediating zolpidem's ability to engender "dizzy" because cerebellar nuclei not only supply the thalamus with this type of information (Meng et al. 2007 ), but they are plentiful with α1GABA A receptors (Fritschy and Mohler 1995) . Similarly, α1GABA A receptors are distributed abundantly throughout the cortex (Pirker et al. 2000) , raising the possibility that zolpidem's influence in the thalamus may be cortical in origin. Enhanced cortical inhibition may lead to a reduction in glutamatergic drive that may not only diminish GABA synthesis and/or release from thalamic neurons (Goddard et al. 2004 ), but it could help to explain the other metabolic effects observed in the thalamus following administration of this type of drug (Gillin et al. 1996; Matthew et al. 1995; Veselis et al. 1997; Volkow et al. 1995; Wang et al. 1996) . In contrast, the distribution of GABA A receptor subtypes within the thalamus makes it unlikely that the present results could be explained by direct thalamic stimulation. Although α1GABA A receptors are highly expressed in the thalamus (Wisden et al. 1992 ), α4GABA A receptors (i.e., benzodiazepine-type drug-insensitive receptors) also are abundant (Khan et al. 1996; Sur et al. 1999) . Furthermore, distribution of the γ subunit is scant in the thalamus, thereby precluding the binding of benzodiazepine-type ligands (Sur et al. 1999; Wisden et al. 1992) . Although GABA A receptor localization data all have been derived from rodent studies, together they suggest that zolpidem's effect on GABA most likely was consequent to activation of the ascending system and/or corticothalamic pathways in the brains of healthy human volunteers.
Limitations
There are several limitations to this study that should be considered when interpreting the findings. First, only two voxels of interest were assessed. Although the cerebellum was discussed as a potential site of interaction between zolpidem GABA A receptors, there were no a priori hypotheses regarding the cerebellum, and therefore, changes in neurochemistry were not evaluated there. A second limitation concerns the relative percentage of gray matter in the voxel that was placed in the thalamus. This voxel was large and covered a fair amount of the left thalamic lobe, thereby encompassing a substantial amount of white matter in addition to gray. While it will be important to optimize this voxel placement and subsequent segmentation in future studies, it should be noted that the relative percentage of thalamic gray matter did not change upon administration of zolpidem. Finally, the data were normalized to Cr despite the inherent disadvantage that its concentration may not be stable across brain regions, between GM and WM, or in disease states. Without a tissue biopsy, there is no way to determine precisely Cr concentration, thus preventing estimation of absolute millimolar concentrations of metabolites. However, internal Cr does correct for important factors such as voxel partial volume effects and B1 inhomogeneity, thus reducing the variance in the data. This is a crucial step in quantifying low-abundance metabolites such as GABA and Gln. In the present study, using Cr as an internal reference was sufficient because relative metabolite changes following drug administration were the measures of interest and each participant served as his/her own control. If acute administration of zolpidem had caused a transient shift in neuronal bioenergetics, this likely would have translated into a shift of the creatine kinase reaction while preserving the total sum of Cr and Pcr (which has been termed "Cr" in the present study). Therefore, regardless of any potential zolpidem-induced alterations in energetics, total Cr would be expected to remain unchanged. Indeed, the present data support that hypothesis, as the raw Cr integral was unchanged following the zolpidem challenge.
Conclusions
A therapeutic dose of the popular nonbenzodiazepine hypnotic zolpidem had a profound effect in drug-naïve individuals, engendering primarily dysphoric-like effects. GABA levels were reduced concomitantly with an increase in feelings of "dizzy," suggesting that zolpidem interacts with the vestibular system at the dose recommended to treat insomnia. Further study is necessary to determine if these effects are unique to this dose and to this population and if abuse-related effects that typically occur in experienced drug-using individuals will be associated with a different neurochemical outcome.
